Abstract-Room temperature circularly polarized electroluminescence is observed from bulk GaN-based doubleheterostructure edge-emitting light emitting diodes operated with continuous-wave spin-polarized electrical injection. The measured in-plane magnetizing field-dependent output circular polarization in the quasi-Voigt geometry is coincident with the hysteresis characteristics of the spin-injector confirming electron spin injection in remanence from the n-type FeCo/MgO tunnel spin contacts. A peak output circular polarization of ∼6 ± 1% is measured at 300 K.
I. INTRODUCTION
A LOW-POWER stable electrically controlled circularly polarized visible light source is useful for a wide range of applications including preparation of chiral compounds and chiro-optical spectroscopy of biochemically active molecules, non-invasive medical diagnosis of cancerous tissues and turbid tissue-like scattering media, optical data storage and processing, photonic technologies such as color-image projection and stereoscopic displays, reconfigurable optical interconnects and ultrafast optical switches, cryptographic optical communications and telecommunications with enhanced bandwidth, and the probing of magnetic properties of solids in the visible range. A convenient technique of obtaining such a circularly polarized light source is by the spontaneous radiative recombination of spin-polarized carriers in a light emitting diode (LED) or laser whose operation stems from optical selection rules which govern the conversion between the injected carrier spin polarization and the output photon circular polarization [1] , [2] . The bulk of the reports on spin LEDs is in the near-infrared wavelength range, with GaAs-based devices [3] - [10] . More recently, results from GaN-based visible spin LEDs have also been reported [11] - [14] . An edgeemitting spin LED combines the above-mentioned benefits of circularly polarized light source and the natural advantages of edge-emitting devices over conventional surface-emitting geometries for practical applications such as fiber-optic communications, which include more efficient coupling of the radiated beam into fibers. Further, an edge-emitting spin-polarized electroluminescent device allows the use of the large in-plane remanent magnetization of a convenient spin injector [15] - [17] and of very short transport distance of the spin polarized injected carriers. Circularly-polarized edge-emitting electroluminescence originating from electron spin injection has been observed in both zinc-blende (GaAs-based) [9] and wurtzite (GaN-based) III-V semiconductors [13] at low temperatures. In this Letter, we report the room temperature characteristics of edge-emitting bulk GaN-based spin-polarized LEDs fabricated with n-type ferromagnetic FeCo/MgO spin contacts and operated with the in-plane remanent magnetization of the contact.
II. OPTICAL SELECTION RULES
The establishment of steady-state electron, or hole, spin coherence in a semiconductor is accomplished mainly by electrical spin injection or by excitation with circularly polarized light. Generation of circularly-polarized electroluminescence from the spontaneous radiative recombination of a resultant spin population asymmetry of the injected carriers, and creation of a spin population imbalance through excitation by circularly-polarized light are mutually complementary physical processes. When the electric field polarization of an optical excitation incident on bulk wurtzite GaN is parallel (orthogonal) to the c-axis, the ratio of the relative oscillator strengths for the optical transitions from the valence bands A ( 9 symmetry), B ( 7 symmetry) and C ( 7 symmetry) to the conduction band is 0: 0.0484: 0.9516 (1: 0.9516: 0.0484). These oscillator strengths are deduced from the expansion coefficients of the eigenvectors of the valence-band states. We obtain the value of 'a', the coupling parameter for wave functions of 7 valence-band states [18] , for bulk wurtzite GaN to be ∼0.22, assuming the valence-band parameters 1 , 2 and 3 to be ∼10.2, 6 and 6 meV respectively [18] , [19] , from which the above-mentioned transition strengths are calculated.
In the case of surface-emitting geometry, where the electric field polarization is orthogonal to the c-axis, a steady-state electron spin polarization of 100% in the light-emitting active region will generate a resultant output circular polarization of ∼2.5 %, assuming no contribution from the crystal-field split-off valence band C. In the case of an edge-emitting GaN-based LED, which has been characterized in the present Letter, where photon propagation is in a direction orthogonal to the structural growth axis (c-axis), the electric field amplitude of the circularly-polarized light, on an average, will have equal contributions from electric fields oriented along and orthogonal to the c-axis. Therefore, the relative oscillator strengths for the fundamental optical transitions from valence bands A, B and C to the conduction band (which will generate the A-, B-and C-free excitons) are 0.5: 0.5: 0.5 as shown in Fig. 1 . Further, at 300 K the three different GaN resonant excitonic transitions spectrally broaden and merge to form a single absorption or emission line [20] . Assuming the valence bands are equally populated, which is usually the case in room-temperature electrical spin injection experiments, we can deduce the following relation between the steady-state optical ( C P ) and electron spin polarizations ( inj ), in a way similar to that used in zinc-blende crystals:
Here I σ + and I σ − are the intensities of the σ + and σ − -polarized light, respectively, and n ↓ and n ↑ are the densities of spin-down and spin-up conduction-band electrons, respectively. Thus, ideally a steady-state injected electron spin polarization of 100 % should give rise to a steady-state output circular polarization of ∼33 %. From Fig. 1 , we observe that the transitions induced between valence bands B and C, the light-hole and the crystal-field split-off bands, respectively, and the conduction band will populate the same spin orientation of electrons in the conduction band which will be opposite to that generated by transitions from the valence band A.
III. DEVICE PROCESSING AND CHARACTERIZATION
The device heterostructure, schematically depicted in Fig. 2(a) , of the edge-emitting spin LED (Fig. 2(b) ) was grown by plasma-assisted molecular beam epitaxy on wurtzite c-plane p-type (Mg-doped) epitaxial GaN (0001)-on-sapphire The active region of these devices is bulk GaN and thus the generation of edge-emitting circularly polarized electroluminescence originating from spontaneous radiative recombination of spin-polarized carriers is quantum-mechanically allowed [9] . We have characterized our devices in the quasiVoigt geometry, wherein the direction of the externally applied magnetizing field and consequently the spin angular momentum quantization axis, the components of the total angular momenta of the spin-polarized electrons and the unpolarized holes, and the wave-vector of the emitted light, are all aligned in the same direction. The latter is oriented along the [1 12 0] crystallographic axis (orthogonal to the a-plane) and thus is orthogonal to the growth direction (c-axis). The thickness of the GaN-based active material in our double-heterostructure LEDs is ∼300 nm which is ∼100 times the typical value of the excitonic Bohr radius at room temperature and thus quantum confinment effects should not intervene. Device fabrication is initiated by selective deposition of Ni-Au p-contact, followed by definition of the 8 μm × 40 μm active region by standard UV photolithography and high density plasma etching down to the substrate. Following this, 1 nm MgO tunnel barrier and 80 nm FeCo spin injector are deposited by electron beam evaporation to form the n-type ferromagnetic tunnel contact (Fig. 2(b) ). The surface of the sample was etched with buffered HF solution before deposition of the spin injector materials. The deposition parameters of the electron beam evaporator were optimized to accomplish an electron beam evaporated film thickness of 1 nm of MgO, which was measured indirectly by variable-angle spectroscopic ellipsometry having the capability of resolving sub-nanometer thicknesses.
The spectrally-resolved electroluminescence intensities at the free-excitonic emission wavelength was measured as a function of injection and are shown in Fig. 3 . The slope of the light-current characteristics is ∼1.5, which is an indirect measure of the excitonic nature of the dominant transition [21] . The diodes are characterized by a typical turn-on voltage of ∼2.5 V and the leakage current of the diode at ∼ −11 μV is less than 10 nA.
Four-terminal Hanle spin precession measurements have been made at room temperature on non-local GaN-based lateral spin valves formed with identical n-type FeCo/MgO ferromagnetic tunnel contacts, wherein an external magnetic field was applied along the c-axis [17] . Electron spin relaxation length and spin-flip lifetime of ∼176 nm and ∼37 ps, respectively, were derived from analysis of the measured data. In the edge-emitting spin-polarized LEDs being characterized here, the injected spin-polarized electrons have to effectively traverse a distance of ∼410 nm before reaching the recombination volume.
IV. CIRCULAR POLARIZATION MEASUREMENTS
The optical polarization state of the output electroluminescence was measured employing Stokes polarimetry from which we obtained the circular polarization-resolved electroluminescence intensities at the free excitonic emission wavelength. The output electroluminescence was transmitted to an UV quarter-wave (λ/4) plate whose fast axis was appropriately oriented to the transmission axis of the following Glan-Thompson linear analyzer, to spectrally resolve the leftand right-handed circular polarization components. The circular polarization-resolved luminescence was then spectrally dispersed by a 0.75 m imaging monochromator having a spectral resolution of ∼0.03 nm at ∼435.8 nm and detected by a photomultiplier tube.
The polarization resolved electroluminescence spectra measured at an injected current of ∼1 mA, after magnetizing the Fig. 4 . Circular-polarization resolved electroluminescence spectra recorded at an injected current of ∼1 mA after in-plane magnetization of the ferromagnetic contacts with a magnetizing field, H, of ∼−1 kOe. The spectra have been smoothed using weighted adjacent-averaging filtering. contacts with an in-plane field of ∼-1 kOe, are shown in Fig. 4 . The asymmetry in the lineshape is probably due to an acceptor-bound excitonic transition centered at ∼380 nm, which is characteristic of devices grown on p-type (Mg-doped) epitaxial GaN (0001)-on-sapphire templates. The spectra have been recorded over the wavelength range of ∼355 nm to ∼375 nm since our objective was the observation of excitonic feature(s) centered at ∼ 365.5 nm. A circular polarization of ∼-2.5 % is observed at the excitonic emission peak. As shown in Fig. 5 , the degree of circular polarization of the edgeemitting LEDs, biased at a constant injected current strength of ∼640 μA, is seen to closely follow the in-plane magnetization of an 80 nm FeCo layer, which demonstrates that the measured polarization originates from spin injection by the ferromagnetic FeCo/MgO contact. The degree of circular polarization saturates at ∼5 % for applied magnetic fields greater than the in-plane saturation field for FeCo. The output circular polarization data, as shown in Fig. 5 , are obtained from the polarization-resolved emission intensities recorded by a photomultiplier tube after spectrally filtering the excitonic feature(s) centered at ∼ 365.5 nm through an imaging monochromator. The degree of circular polarization above the saturation H field, with an injection of ∼1mA, is less than that with ∼640 μA because the polarization decreases with increasing injection due to the reduced efficiency of the tunneling process for the spin-polarized carriers at higher biases [21] . A peak value of ∼11 % for the circular polarization is expected from the electron spin injection efficiency for the FeCo/MgO contact, for which a value of ∼32 % has been reported at room temperature [8] . The lower values observed is probably due to efficient spin relaxation of the spin-polarized electrons during their transport to the active region. Spin relaxation in GaN is usually interpreted as being mediated by the D'yakonov-Perel spin scattering mechanism. However, it has also been observed that the spin lifetime decreases significantly with the increase in dislocation density, which may be potentially attributed to larger Elliott-Yafet spin scattering rates in wurtzite GaN crystals with larger defect densities [17] . The defect density in our samples grown on GaN-on-sapphire epitaxial templates is ∼6 × 10 8 cm −2 [23] .
V. CONCLUSION
In conclusion, we have demonstrated continuous-wave electrical injection and optical detection of electron spin coherence in double-heterostructure GaN-based edge-emitting light-emitting diodes with FeCo/MgO tunnel contacts at room temperature. A maximum degree of circular polarization of ∼6 ±1 % is observed in the output electroluminescence.
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